Introduction: Stereotactic radiosurgery (SRS) has been increasingly advocated for 1-3 small brain metastases. The goal of this study was to evaluate the clinical results in patients with brain metastases treated with LINAC-based SRS using a thermoplastic mask (non-invasive fixation system) and Image-Guided Radiotherapy (IGRT). Material and Methods: In this single-institution study 48 patients with 77 brain metastases were treated between February 2012 and January 2014. The prescribed dose was 20 Gy or 18 Gy as a single fraction. SRS was performed with a True Beam STX Novalis Radiosurgery LINAC (Varian Medical Systems). The verification of positioning was done using the BrainLAB ExacTrac Ò X-ray 6D system and cone-beam CT.
Introduction
Brain metastases have a high incidence of up to 65% during the disease trajectory, dependent on primary tumor type, and can cause significant morbidity and mortality [1, 2] . Stereotactic radiosurgery (SRS) has become a standard of care over the years in patients with 1-3 small brain metastases [3] [4] [5] [6] . It is effective regarding in-field control and patients who are treated with it, will develop less side effects compared with patients who are treated with whole brain radiotherapy (WBRT), especially concerning neurocognition [7] . It can also be used to salvage patients who underwent WBRT as primary therapy [8] [9] [10] . Local control after SRS ranges between 70% to 90% [11] [12] [13] [14] .
In patients treated with linear accelerator (LINAC)-based SRS the head immobilization was generally realized by invasive head fixation using a stereotactic ring, at least during the first decades. Due to the development of LINACs with image-guided radiotherapy (IGRT) capability, the head positioning can now be accomplished with a thermoplastic mask. The advantage of the mask is that it is more convenient for the patients, is not invasive and the treatment planning can be done one or more days before the delivery of the treatment.
In this retrospective single-institutional study we investigated local control (LC) as a primary endpoint in patients undergoing SRS for brain metastases. Intracranial progression-free survival (PFS), distant intracranial tumor control (DC), overall survival (OS) and side effects were secondary endpoints.
Material and Methods

Patient characteristics
In this single-institution study 48 patients harboring 77 brain metastases were treated by SRS between February 2012 and January 2014. The patient characteristics are summarized in Table 1 .
Median age was 58 years (range 22 to 79 years), 25 (52%) men and 23 (48%) women were included. The most common primary tumors were non-small-cell lung cancer, malignant melanoma and breast cancer (Table 1) . Extracerebral metastases were found in 36/48 patients (75%). Twelve of 48 patients (25%) had only brain metastases. Eighteen of 48 patients (37.5%) had stable extracranial disease and 30/48 patients (62.5%) were staged as having progressive disease.
The present work complies with the principles laid down in the Declaration of Helsinki and was approved by the appropriate ethical committees in the institution in which it was performed.
Radiation therapy
Radiotherapy planning was based on computed tomography (CT) with 2 mm slice thickness in the early phase of the study and 1 mm afterwards, i.e. when most patients were treated. Patients were immobilized in a thermoplastic mask (BrainLAB, Feldkirchen, Germany), as shown in Fig. 1 .
The gross tumor volume (GTV) for each brain metastasis was defined on gadolinium enhanced magnetic resonance imaging (GdT1-MRI, Siemens ESPREE, Siemens Medical Systems, Erlangen, Germany) with 1 mm slice thickness (MP-Rage sequence) [15] . For each patient a planning CT and an MRI were performed at the same day. The radiosurgery was performed two days after the planning CT/MRI. Treatment planning was performed with iPlan RT Image 4.1.1 (BrainLab, Feldkirchen, Germany). The planning target volume (PTV) was defined as GTV plus 1 mm. Irradiation dose was prescribed to ensure coverage of at least 80% of the PTV with the prescription dose. The target volume covered 100% of the prescribed dose; the allowed maximum dose in the PTV was 125%. The prescribed dose was 20 Gy or 18 Gy (80% isodose) as a single dose. The dose of 18 Gy was used when the brain metastases were located within or next to the brain stem. SRS was performed with a True Beam STX Novalis Radiosurgery LINAC with 6 MeV photons. Patient positioning and positioning verification was done using the BrainLAB ExacTrac Ò X-ray 6D system and subsequent cone-beam CT (CBCT). Using infrared markers, which are detected by a camera system, the patient was moved automatically into treatment position. First, two radiographs were taken registered to digitally reconstructed radiographs (DRR) calculated from the CT used for treatment planning. From this information the deviation of the patient's actual position from his/her intended value was computed and the corresponding shift was applied. To test the correctness of the positioning procedure a cone-beam CT scan was performed and the resulting dataset was registered with the planning CT.
Follow-up
Patient follow-up after SRS included MRI and physical examination at 6-8 weeks. Subsequent follow-up was every 3 months. Local failure was defined as an increase of the maximum diameter of the treated brain metastasis. RANO criteria were used. Distant intracranial failure was defined as new brain metastases or leptomeningeal enhancement outside the previously irradiated volume. The primary endpoint for this study was local control (LC). LC was evaluated for each treated brain metastasis. Secondary endpoints included distant intracranial tumor control (DC), intracranial progression-free survival (PFS), overall survival (OS) and side effects after SRS. PFS was defined as time to local failure, intracranial progression or death.
Statistical methods
LC, PFS and OS were measured using the Kaplan-Meier method. All analyses were performed with SPSS 22.0.0.0 (IBM, New York, USA) and R-Statistics [16] . Cox regression and Log Rank test were used to analyze subgroups of patients concerning LC, DC and OS. A competing risk analysis was performed with R-Statistics.
Several variables (recursive partitioning analysis (RPA) classification, GTV, gender, extracerebral metastases) were evaluated as possible predictors of outcome. GTV size was dichotomized not only by median, but also by other cut-offs in order to identify the most relevant definition of small or large, i.e. the cut-off with biggest separation of the Kaplan-Meier curves.
Theory/calculation
As brain metastases can lead to significant morbidity and mortality efficient and safe treatment becomes more and more important. In this work we wanted to present our data in a single center with LINAC-based frameless radiosurgery. We included all patients treated by radiosurgery from February 2012 to January 2014 and performed a retrospective analysis.
Results
Patient characteristics
Patient characteristics are described in Materials and Methods and listed in Table 1 . At the time of the first SRS only 10 patients (21%) had a single brain metastasis. Thirty-eight (79%) patients had two or more brain metastases. Thirteen (27%) patients had n 5 brain metastases.
Treatment parameters
Treatment parameters are listed in . Nine of 47 patients (19%) had WBRT before SRS. The median time between WBRT and SRS was 17 months (range 8-33 months). In 12/47 (24%) patients we performed WBRT as a salvage therapy in case of intracranial progression after SRS. The median time to salvage therapy was 6 months (range 1-12 months).
Local and distant control
Mean follow-up time was 10.9 months (range 1-43 months). Local control was estimated for every single treated brain metastasis of each patient. To evaluate local control, patients were censored when they died. Because some patients were treated with more than one SRS (competing risks), in case of death all brain metastases of the respective patient were censored in order to analyze every treated metastasis separately. A competing risk analysis was performed (s. Fig. 2) , and the risk of death was higher than the risk of local progression.
Estimated 1-year local control was 83%, using the Kaplan-Meier method (Fig. 3) . In 7/69 brain metastases (10%) local failure was detected on MRI. Median time to local failure was 4.8 months ) GTV remained significant (p = .037).
Progression-free survival
Median intracranial progression-free survival (PFS) was 3.73 months (range 1-17 months, 95% CI 3.35-5.28 months), Fig. 4 . A histology of breast cancer was associated with significantly worse PFS (p = .004, median PFS 2.27 vs. 4.37 months). We observed a trend towards worse PFS in patients with lung cancer (p = .069).
A GTV of 2.0 cm 3 was significantly associated with a better PFS than a GTV > 2.0 cm 3 (median PFS 4.38 vs. 3.19 months, p = .038).
In the multivariate Cox regression test GTV > 2.0 cm 3 (p = .009) and breast cancer (p = .001) were associated with a worse PFS.
Overall survival
Thirty-three of 48 patients died during follow-up. The median survival was 8 months (95% CI 2.82-13.11; range 0.66 months to 45 months). The estimated 1-year survival rate was 35.6% using the Kaplan-Meier method (Fig. 5) . Fig. 6 In the univariate analysis the following variables were associated with a better survival: age 58 years (median OS 15.2 vs. 7.2 months, p = .031), GTV 2.5 cm 3 (median OS 11.2 months vs.
5.1 months, p = .005) and stable disease outside the brain (median OS 27 vs. 8.6 months, p = .006). For those variables a multivariate analysis was performed. Extracranial stable disease (p = .015) and GTV 2.5 cm 3 (p = .012) were still significant.
The general practitioners of the patients were contacted in order to obtain the cause of death. Three patients (9%) died because of their cerebral metastases and 3 further patients (9%) died most likely because of their cerebral metastases. In eighteen patients (55%) the cause of death were not the brain metastases, in 3 patients the general practitioners did not know the reason for the patients' death and in 6 cases we did not receive any reply.
In 46 patients we had information about the extracerebral follow-up. Forty (87%) had progressive disease, 5 patients (11%) were stable and one patient had a complete remission.
Side effects
During follow-up side effects were reported using the Common Terminology Criteria for Adverse Events v4.0 (CTCAE).
All patients tolerated frameless SRS well with no severe side effects. Only fatigue was reported as acute side effect. We observed two confirmed cases of radionecrosis. In one additional case there was the suspicion of a radionecrosis on MRI follow-up. Even in patients who underwent WBRT before radiosurgery was performed or in patients who underwent WBRT during follow-up as salvage therapy after SRS no severe side effects were seen. 
Discussion
In our experience local control after frameless SRS was as good as the previous strategy of frame-based SRS reported in literature. In a study by Ramakrishna et al. [17] an overall system accuracy similar to the invasive frame-based SRS was reported. An advantage of frameless SRS is that the thermoplastic mask is tolerated better by the patients.
In a study by Becker et al. local control rates for brain metastases at 6 and 12 months of 74% and 61% were reported after frame-based LINAC radiosurgery [18] . In the randomized trial reported by Kocher et al. 90 patients were treated with radiosurgery alone and 61 of them had single brain metastases [19] . Local control rates were approximately 75% at 12 months (estimated from the published Kaplan-Meier curves) and 69% at 24 months. In a meta-analysis that also included the Kocher et al. data 186 patients had received radiosurgery, of whom 60% had single brain metastases [20] . Local control was reported in 80%. Local control in our study was 90%. Estimated 1-year local control was 83% using the Kaplan-Meier method. An intrinsic selection bias is possible as we performed a retrospective single institution study but we had similar results as reported in literature. In the study by Breneman et al. local control with a frameless system was 80% at one year [11] . In other institutions reporting their clinical experience with frameless radiosurgery crude rate for local control was 88% and 90% [21, 22] (s. Table 3) .
Compared with radiosurgery performed with Cyberknife we found similar outcomes concerning local control [23, 24] . With the new Gammaknife icon no invasive head fixation is needed anymore [25] . An advantage of the LINAC-based technique is that the duration of treatment is shorter. For many, especially smaller, departments, the increased complexity with equipment from several different vendors is not desirable. The Gammaknife uses a cobalt radiation source and for the patient positioning a stereotactic frame is used. In our study SRS was performed with a True Beam STX Novalis Radiosurgery LINAC with 6 MeV photons. The accuracy of the BrainLab Mask was reported before [26] . Using infrared markers, which are detected by a camera system, the patient is moved automatically into treatment position. During our early experience we tested the correctness of the positioning procedure with a cone-beam CT scan and registered the resulting dataset with the planning CT. The accuracy results of the ExacTrac Ò X-ray 6D
suggest that no additional CBCT is needed in the future. The radiosurgery was performed 2 days after planning CT/MRI. Even complex plans can be calculated and realized by the physicists in this period. An invasive fixation would not be tolerated for 3 days and would lead to a higher infection risk. In our analysis it might be possible that local control is overestimated because of the statistical problem of competing risks, which means that death from extracranial progression resulted in censoring in the Kaplan-Meier curve. In a competing risk analysis patients had a higher risk to die than to have local recurrence. In case of local recurrence there was no histology obtained. Only in 2 patients with suspected radionecrosis we obtained a histology which confirmed radionecrosis. Another patient had the suspicion of radionecrosis on MRI but we did not perform an operation to confirm radionecrosis. It is possible that occasional patients with ''local failures" had a radionecrosis instead because we did not always obtain histology.
In our data the histology of breast cancer was associated with significantly worse PFS, but no effect on overall survival was seen. This might be a selection bias as we had a small sample size. In literature patients with the histology of breast cancer have better survival [27] .
In 9/47 patients (19%) WBRT had been performed before SRS. In these cases radiosurgery was a salvage strategy for symptomatic or new brain lesions. This explains that 13 patients (27%) had n 5 brain metastases when the first SRS was performed.
Diagnosis of new brain metastases was common. Deferred WBRT remains a possible salvage therapy. In 24% of our patients salvage WBRT was performed. No additional serious side effects were seen in case of salvage treatment.
Median OS was 8 months. According to the RPA classification median OS was between 2.3 and 7.1 months for patients largely Fig. 6 . One patient treated by SRS, left: MRI before treatment, large metastasis with edema, the patient had a motoric weakness, right: MRI after treatment, there is only a small residuum of the metastasis left, the patient's weakness was much better, middle: conformal SRS treatment plan. treated with primary WBRT [28] . In our analysis most patients were in RPA class II (94%). GTV 2.5 cm 3 and stable disease outside the brain were significant predictors of better OS. Also in the literature extracranial disease status is a well-known prognostic factor for survival [29, 30] . Radiosurgery is a well-tolerated and short treatment [31] . No systemic treatment break is needed in case of extracranial progressive disease. This might increase the patients' chance of extracranial response.
Conclusion
LINAC-based frameless SRS with the BrainLAB Mask using the BrainLAB ExacTrac Ò X-ray 6D system for patient positioning is well tolerated, patient-friendly, safe and leads to favorable local control (90%, crude local control). In some patients SRS was performed as salvage treatment after WBRT or WBRT was performed during follow-up after SRS in case of progression. In a large number of patients after the first radiosurgical treatment repeated SRS in case of progression was performed. No additional side effects were seen.
Compared to other technologies, little changes of departmental complexity, workflow and expertise are necessary. Failures in nontreated brain regions are a generally known drawback of any SRS approach. However, they can be salvaged, e.g., by WBRT or repeat SRS.
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